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bstract
Flow cytometry (FCM) is a powerful tool to evaluate cell DNA content and ploidy levels. We have assessed the accuracy of two protocols of
uclei isolation from paraffinized samples (P1 and P2) by comparing FCM results with those obtained using fresh material (F1–F3). After isolation,
uclei were stained with propidium iodide and quantitatively analysed by FCM for changes in germ cell ratios. Results obtained with Protocol P2
ere similar to those obtained using the protocol that gave best results for fresh tissues (F2). Protocol P2 was then applied to paraffin embedded
esticular samples from ICR-CD1 mice exposed to 1, 2 and 3 mg CdCl2/kg bw by single subcutaneous injection, and to 74 and 100 mg PbCl2/kg
w administered in four repeated doses. The highest doses of CdCl2 decreased the number of haploid (1C) cells and increased the number of
iploid (2C), S phase and tetraploid (4C) cells. Treatment with PbCl2 did not induce significant changes in testicular cells subpopulations. These
esults support the usefulness of FCM in evaluating the effect of toxic substances on mouse spermatogenesis, using both fresh and paraffinized
aterial.
2006 Elsevier Inc. All rights reserved.
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. Introduction
Flow cytometry (FCM) is a fast and sensitive tool that can pro-
ide quantitative analyses of different cell types and an insight
nto the cell cycle status of those cells. FCM also allows the mea-
urement of DNA content of cell subpopulations in a mixed cell
opulation, using fluorescence intensity distribution histograms,
nabling the identification of cells with different ploidy levels
ithin a given tissue [1,2].
FCM has been applied to the study of the toxic effect of
ubstances on spermatogenesis of several species, namely
ouse [1,3,4], rat [5,6] and golden hamster [7]. Alterations
n testicular germ cell percentages are common responses
o chemicals such as vinblastine [3], vindesine sulphate [8],
∗ Corresponding author. Tel.: +351 234 370 780; fax: +351 234 426 408.
E-mail address: csantos@bio.ua.pt (C. Santos).
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iepoxybutane [1] or methoxyacetic acid [9]. In all cases FCM
nalyses were performed in nuclei isolated from fresh material.
he specific methodologies are quite variable, and include 0.1%
epsin digestion [1], tripsin and DNAse digestion [5] and testis
issection in TNE (0.01 M Tris buffer, 0.15 M NaCl, 0.01 M
thylenediaminetetraacetic acid, pH 7.4) buffer [7]. Other
uthors prepare nuclei for FCM analysis using citric acid with
etergent solutions [10]. Nevertheless, the general requirement
or fresh material may condition a broader utilization of FCM
n these kinds of studies.
In most laboratories interested in toxicology, histological
valuation of tissues and organs is performed routinely, and
sually includes paraffin embedding. In the present work, the
ossibility of using FCM to analyse mouse testicular cells
rom embedded samples was assessed. This technique has
een developed by Hedley et al. [11] to study DNA content in
umoral samples, and since that time it has been routinely used
t the clinical oncology level. Therefore, the development of
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FCM protocol for testicular cell analysis, especially in cases
here spermatogenesis is affected, may be a valuable tool in
he reproductive toxicology field.
Cadmium is a well-known reproductive toxicant that causes
isruption of the blood–testis barrier [12]. Several works
escribing the histological and ultrastructural effects of cad-
ium in the testis have been published (e.g. [13,14]). However,
he quantification of cadmium-induced alterations in spermato-
enesis, in terms of the relative percentages of each testicular cell
ype, has never been performed. Also, the toxicological effects
f lead on male reproductive system have long been studied. The
ain effects referred in the literature are a decrease in sperm cell
umber and motility [15,16], and an increase in sperm morpho-
ogical abnormalities [15]. Although histopathological effects
f lead compounds on the testis have been previously described
e.g. [16,17]), those studies have not used more refined tech-
iques such as FCM.
The aim of the present work is thus to demonstrate that, in
lternative to fresh material, paraffin embedded samples of tes-
icular material might be used to accurately determine the ploidy
evel of germ cells using FCM. The validation of paraffinized
amples for FCM nuclei analyses was done by comparing the
esults with data obtained using fresh material. The validated
rotocol was then used to assess the toxic effect of cadmium
nd lead chloride on mouse spermatogenesis, at the level of
ach specific cell-stage.
. Materials and methods
.1. Animal housing
Seven weeks old male ICR-CD1 mice were provided by Harlan Interfauna
be´rica SA, Barcelona, Spain. The animals were housed in a constant temperature
22 ± 2 ◦C) and relative humidity (40–60%) vivarium on a 12-h light/12-h dark
ycle. Water and food were provided ad libitum. Mice were allowed to acclimate
or one week before experimental use.
Animal experiments were conducted in accordance with institutional guide-
ines for ethics in animal experimentation (Rule number 86/609/CEE-24/
1/92).
.2. Flow cytometric analysis of fresh and paraffinized samples
Different protocols for the isolation of mouse testicular cells were used from
oth fresh and paraffin embedded tissues. For each protocol at least four testes
rom different mice were used.
.2.1. Fresh samples
Three different protocols for nuclei isolation from fresh samples were tested:
Protocol F1: Samples were prepared according to a protocol developed for the
golden hamster [7]. Briefly, testes were dissected in TNE buffer (0.01 M Tris
buffer, 0.15 M NaCl, 0.01 M ethylenediaminetetraacetic acid, pH 7.4), filtered
with a nylon mesh of 55m and the cell suspensions that were obtained were
supplemented with glycerol 10% (v/v) and stored at −20 ◦C until analysis.
Thereafter, cell suspensions were thawed and centrifuged at 500 × g for 5 min
and resuspended in TNE buffer.
Protocol F2: This protocol was based on the protocol described by Spano`
et al. [1] for mouse testicular cells. Briefly, testes were dissected in 0.1%
pepsin–HCl at pH 1.8 for 10 min. After filtration, the cell suspension was
fixed in 96% ethanol and kept at −20 ◦C. After that, cell suspensions were
incubated with pepsin–HCl 0.5% for 10 min, centrifuged at 500 × g for 10 min
and resuspended in phosphate buffered saline (PBS).
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Protocol F3: In this case, testes were dissected in 0.1 M citric acid and 0.5%
(v/v) Tween 20 and incubated for 10 min at RT. After filtration in a 55m
nylon mesh, the suspension was centrifuged at 300 × g for 10 min, the super-
natant was then discarded and the pellet was resuspended in a small volume of
PBS. The suspension was fixed in 70%◦ ethanol and was kept for a few days.
After that, the cell suspension was centrifuged and cells were resuspended in
detergent solution, incubated for 10 min at RT and finally 5 volumes of a 0.4 M
Na2HPO4 solution were added.
.2.2. Paraffin embedded material
Two protocols for isolation of nuclei from paraffin embedded samples were
ssayed. In both protocols two or more sections (40m thick) of five blocks
orresponding to five different mice were used. Sections were deparaffinized in
ylol and rehydrated.
In Protocol P1, samples were incubated in a water bath at 80 ◦C with citric
cid 2 mg mL−1 at pH 6.0 for 2 h, digested with pepsin, pH 1.5, at 37 ◦C and
ashed in PBS [11,18].
Protocol P2 was similar to Protocol P1 except for the incubation with citric
cid, which was not performed [19].
.2.3. Flow cytometry analysis
In all protocols (F1–F3, P1 and P2), samples were treated with 50g mL−1
f RNAse (Sigma, St. Louis, MO, USA) in order to eliminate RNA, and stained
ith 50g mL−1 of propidium iodide (PI). Samples were analysed within a
5-min period. The relative fluorescence intensity of PI-stained nuclei was
easured with a Coulter EPICS XL (Coulter Electronics, Hialeah, FL, USA)
ow cytometer. The instrument was equipped with an air-cooled argon-ion
aser tuned at 15 mW and operating at 488 nm. Integral fluorescence together
ith fluorescence pulse height and width emitted from nuclei was collected
hrough a 645 dichroic long-pass filter and a 620 band-pass filter and con-
erted on 1024 ADC channels. Prior to analysis, the instrument was checked
or linearity with fluorescent check beads (Coulter Electronics) and the ampli-
cation was adjusted so that the peak corresponding to the haploid peak was
ositioned at channel 200. This setting was kept constant. The results were
btained in the form of three graphics: linear fluorescence light intensity (FL),
orward angle light scatter (FS) versus side angle light scatter (SS) and FL
ulse integral versus FL pulse height. This last cytogram was used to eliminate
artial nuclei and other debris, nuclei with associated cytoplasm and doublets
these events have a higher pulse area but the same pulse height as single
uclei).
.3. Heavy metal treatment assays
For toxicological studies, ICR-CD1 mice were housed in the conditions
escribed in Section 2.1. For cadmium toxicological assays three groups of five
ice each were subcutaneously injected with 1, 2 or 3 mg CdCl2/kg bw. For lead
oxicological assays two groups of five mice each were subcutaneously injected
ith 74 and 100 mg PbCl2/kg bw for four consecutive days. In both experiments
ontrol groups of five mice each were injected with the saline vehicle (0.9%
aCl) for equivalent periods.
Twenty-four hours after the last injection, animals were sacrificed and both
estes were removed, the right testis was fixed in neutral 10% buffered forma-
in and the left testis was fixed in Bouin’s solution. Both samples were then
ehydrated and embedded in paraffin wax. For the histopathology analysis
ections were performed in a microtome and stained with haematoxylin and
osin. For FCM analysis samples were treated as described above for Protocol
2.
.4. Statistical analysis
Statistical analyses were performed using a one-way analysis of variance
ANOVA) (SigmaStat for Windows Version 3.1, SPSS Inc., USA) to compare
he values of germ cell percentages. A multiple comparison Tukey test was
pplied to assay the differences between control and metal treated groups. The
orrelations between the results obtained with the different treatments were
erformed by the Pearson Correlation test [20]. In all cases the level of statistic
ignificance was set at p≤ 0.05.
ive To
3
3
s
o
u
i
p
a
l
o
c
o
P
o
P
f
f
f
s
t
c
f
f
l
r
t
c
i
c
p
p
(
E
l
s
d
d
c
f
fi
b
r
p
f
o
t
w
P
p
P
p
a
a
t
p
c
3
i
w
t
c
t
(
i
(
3
t
o
l
t
c
w
w
s
T
E
B
T
E
T
E
V
TH. Oliveira et al. / Reproduct
. Results
.1. Flow cytometric analysis of fresh and paraffinized
amples
Forward angle light scatter is proportional to cell-surface area
r size and side angle light scatter is proportional to cell gran-
larity or internal complexity. The different methods of nuclei
solation gave different results in terms of nuclei light scatter
roperties. Nuclei isolated from fresh samples (Protocols F2
nd F3) were homogeneously distributed in one single popu-
ation (Fig. 1A and D). Contrarily, the nuclei from embedded
rigin showed discrete populations in terms of relative size and
omplexity (Fig. 1G and J). The best separation of nuclei in terms
f light scatter was observed in nuclei isolated using Protocol
2 (Fig. 1J).
Linear fluorescence light intensity represents the linear flu-
rescence of the DNA stained with PI (Fig. 1B, E, H and L).
rotocol F1 produced unsatisfactory definition of peaks and
or this reason the results are not presented. DNA histograms
rom the other two fresh and both embedded samples revealed
our main peaks corresponding to different ploidy levels. The
ub-haploid peak (HC) consists of elongated spermatids and
he haploid peak (1C) refers to round spermatids. The dis-
rimination of the haploid nuclei in two peaks is due to dif-
erent staining of elongated and round spermatids, since the
ormer present a highly condensed chromatin and PI interca-
ation with DNA is lower. Chromatin condensation occurs as a
esult of the sperm maturation process where exchange of his-
ones with protamines reduces PI intercalation [21]. Somatic
ells, spermatogonia and secondary spermatocytes are recorded
n the diploid peak (2C). Cells in the G2/M phase of the cell
ycle and primary spermatocytes are included in the tetraploid
eak (4C). The region between the diploid and the tetraploid
eaks corresponds to cells that are actively synthesising DNA
S phase).
The mean CV obtained for all protocols are shown in Fig. 1B,
, H and L. The higher values were found in the HC subpopu-
ation. This higher CV value can be explained by the chromatin
tatus of the HC nuclei (elongated spermatids), that present
ifferent degrees of chromatin condensation, due to different
egrees of PI intercalation between the bases.
The cytograms with pulse integral versus pulse height were
omputed to define a gating that excludes doublets. Nuclei from
resh samples (Fig. 1C and F) showed more doublets than paraf-
h
(
b
t
able 1
ffect of cadmium chloride on testis/body weight and epididymis/body weight ratios
Control (n = 9) 1 mg/kg
ody weight (g) 33.23 ± 2.536 33.50 ±
estis weight (g) 0.114 ± 0.017 0.106 ±
pididymis weight (g) 0.046 ± 0.007 0.041 ±
estis/body weight ratio (%) 0.345 ± 0.040 0.316 ±
pididymis/body weight ratio (%) 0.141 ± 0.018 0.122 ±
alues represent mean ± S.D.
he symbol * means significant difference between the control and 1, 2 and 3 mg Cdxicology 22 (2006) 529–535 531
n samples (Fig. 1I and M), with the lower number of doublets
eing observed in Protocol P2.
Protocols F2 and F3 gave different results (p < 0.001) with
espect to the subpopulation ratios. Both Protocols F2 and F3
resented similar discrete peaks and CV’s. However, some dif-
erences were found in the percentage of each subpopulation
btained by each protocol: with the Protocol F2 (Figs. 1B and 2),
he HC subpopulation represented 34% of the nuclei population,
hereas it represented only 17% of the nuclei isolated with the
rotocol F3 (Figs. 1E and 2). In paraffin embedded tissues, the
loidy percentages were similar to the values obtained using
rotocol F2 (Fig. 2). The results obtained with Protocol F2 were
ositively correlated with those obtained by both Protocol P1
nd P2 (Pearson correlation, r > 0.96, p = 0.007 for Protocol P1
nd p = 0.009 for Protocol P2). Paraffin protocols were also posi-
ively correlated with each other (Pearson correlation, r = 0.992;
= 0.0008). For toxicological assays we therefore chose Proto-
ol P2 for FCM analyses.
.2. Heavy metal treatment assays
The highest doses of cadmium chloride (2 and 3 mg/kg bw)
nduced a significant increase in absolute and relative testis
eight after 24 h, but both body weight and absolute and rela-
ive weights of the epididymis were not affected by cadmium
hloride treatment (Table 1). In the lead chloride assay nei-
her testis nor epididymis weights were significantly affected
Table 2).
Cadmium chloride at the concentration of 1 mg/kg bw did not
nduce any histological alteration to the seminiferous epithelium
Fig. 3B). The higher concentrations of cadmium chloride (2 and
mg/kg bw) provoked severe alterations in the seminiferous
ubules, namely haemorrhage, interstitial edema and disruption
f the germinal epithelium with desquamation of cells into the
umen (Fig. 3C and D), particularly at the highest concentra-
ions of compound. Lead chloride did not induce any typical
hanges on testis histology, in terms of percentage of tubules
ith germ cell degeneration or depletion, and tubular diameter
hen compared with the respective controls (p≤ 0.05) (data not
hown).
FCM analyses showed that the relative percentage of sub-aploid nuclei (elongated spermatids) was significantly reduced
p≤ 0.05) following administration of 2 and 3 mg CdCl2/kg
w (Fig. 4). Administration of 3 mg CdCl2/kg bw decreased
he percentage of haploid cells (round spermatids) (p≤ 0.005).
bw (n = 10) 2 mg/kg bw (n = 10) 3 mg/kg bw (n = 10)
2.257 33.31 ± 2.105 34.40 ± 1.808
0.011 0.144 ± 0.033* 0.156 ± 0.026*
0.006 0.045 ± 0.006 0.046 ± 0.007
0.022 0.435 ± 0.101* 0.452 ± 0.058*
0.017 0.135 ± 0.020 0.132 ± 0.017
Cl2 treated samples at p≤ 0.05.
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Fig. 1. Flow cytometry graphics of nuclei isolated from fresh tissue by the Protocol F2 (A–C) and Protocol F3 (D–F) and paraffin embedded tissue by Protocol
P1 (G–I) and Protocol P2 (J, L and M). The left column cytograms show the forward angle light scatter (FS) vs. side angle light scatter (SS), the middle column
histograms show the relative fluorescence light intensity (FL) from propidium iodide and the right column cytograms show the relative FL pulse integral vs. relative
FL pulse height.
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Fig. 2. Ploidy percentage variation of germ cells isolated by the Protocol F2,
Protocol F3 (fresh tissue), Protocol P1 and Protocol P2 (paraffin embedded
tissue). Percentages were estimated as number of nuclei in each ploidy level/total
n
s
p
C
l
o
c
Fig. 4. Percentage of germ cells isolated from testis of control and exposed to 1, 2
and 3 mg of CdCl2/kg bw mice. Percentages were estimated as number of nuclei
i
f
d
p
i
3
T
E
B
T
E
T
E
Vumber of nuclei × 100 and represent mean ± S.D. for at least four testicular
amples. The symbol ‘*’ indicates significant difference between the fresh and
araffin methods at p≤ 0.05.oncomitantly, the percentage of diploid cells increased fol-
owing treatment with 2 and 3 mg CdCl2/kg bw. The same was
bserved for cells in S phase by treatment, in this case for all
admium doses. In what concerns tetraploid cells a significant
p
t
o
able 2
ffect of lead chloride on testis/body weight and epididymis/body weight ratios
Control (n = 10)
ody weight (g) 36.294 ± 2.988
estis weight (g) 0.123 ± 0.018
pididymis weight (g) 0.047 ± 0.005
estis/body weight ratio (%) 0.340 ± 0.040
pididymis/body weight ratio (%) 0.130 ± 0.009
alues represent mean ± S.D. No statistical differences were found at p≤ 0.05.
Fig. 3. Histological effects of 1, 2 and 3 mg of CdCl2 to mice testis. (A) Control,n each ploidy level/total number of nuclei × 100 and represent mean ± S.D.
rom five testes (one per mice) per group. The symbol ‘*’ indicates significant
ifference between the control and 1, 2 and 3 mg CdCl2 treated samples at
≤ 0.05.
ncrease (p≤ 0.05) was only found after administration of
mg CdCl2/kg bw.The lead chloride treatment induced some variations in the
ercentage of germ cells, although the only one that was statis-
ically significant (p≤ 0.05) was an increase in the percentage
f cells in S phase with 100 mg PbCl2/kg bw (Fig. 5).
74 mg/kg bw (n = 10) 100 mg/kg bw (n = 10)
36.444 ± 2.330 36.758 ± 3.518
0.124 ± 0.016 0.128 ± 0.025
0.049 ± 0.005 0.048 ± 0.006
0.341 ± 0.048 0.353 ± 0.088
0.135 ± 0.016 0.130 ± 0.019
(B) 1 mg CdCl2/kg bw, (C) 2 mg CdCl2/kg bw and (D) 3 mg CdCl2/kg bw.
534 H. Oliveira et al. / Reproductive To
Fig. 5. Percentage of germ cells isolated from testis of control and exposed
to 74 and 100 mg of PbCl2/kg bw mice. Percentages were estimated as num-
ber of nuclei in each ploidy level/total number of nuclei × 100 and represent
mean ± S.D. from five testes (one per mice) per group. The symbol ‘*’ indicates
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Joa˜o Ramalho-Santos was supported by a grant from FCT, Por-ignificant difference between the control and 74 and 100 mg of PbCl2 treated
amples at p≤ 0.05.
. Discussion
The development of protocols for isolation of nuclei from
on-fresh samples may potentiate the use of FCM in reproduc-
ive toxicology studies. As Bouin’s fixation is routinely used for
he study of spermatogenesis [22] its efficacy was evaluated in
uclei fixation for FCM studies. However, this fixative did not
roduce satisfactory results in terms of DNA content analysis,
ust as described previously by Hedley [18]. Therefore, Bouin’s
olution was used for histology analysis and buffered formalin
or DNA studies by FCM.
The different methods used to isolate mice testicular nuclei
rom fresh samples gave clearly different results. Although it
as been used successfully in the golden hamster [7], Pro-
ocol F1 did not provide a clear definition of peaks, pos-
ibly due to species-specific differences in the isolation of
uclei. Protocol F3 has been used for DNA analysis of ani-
al cells [10] and provided a good peak definition (the CV
alues obtained were among the best), as well as low level
f debris. However, this method induced the formation of a
reat number of doublets and the elongated spermatid pop-
lation was underestimated, probably due to the high ionic
trength of the buffers used. Finally, Protocol F2 provided a
ood peak definition, and the percentages of cells in the dif-
erent ploidy levels are consistent with the results previously
btained by other authors [1,3]. On the other hand, although
rotocol F3 gave discrete peaks, the CV’s obtained showed no
reat improvement when compared with Protocol F2. As the
ormer is more time consuming and aggressive than the latter,
e propose that Protocol F2 is more advisable for this type of
tudies.
The two protocols of nuclei isolation from paraffin samples
ave similar results. However, Protocol P2 was more repro-
ucible in terms of the number of nuclei run per minute (data not
hown), probably due to the fewer steps involved. Protocol P2
as therefore selected to evaluate the effect of cadmium chloride
nd lead chloride on mouse testis.
t
b
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Cadmium chloride induced an increase in absolute and rela-
ive testes weight 24 h after administration. This effect was also
bserved by Shen and Sangiah [23], and it was hypothesized
hat it could be due to damage of the capillary endothelium
nd subsequent increase in permeability that lead to testicular
dema. This effect on testicular weight was reversed as the time
fter exposure increased (data not shown). Histological evalua-
ion showed that cadmium chloride seriously injured the testis.
hese short term effects of cadmium were also observed by
CM, in terms of significant alterations in germ cell percent-
ges. These changes may be due to the effects of CdCl2 on
oth the blood–testis barrier and vascular endothelium. Cad-
ium disrupts tight junctions between Sertoli cells and alters
ertoli–germ cell adhesion [12] with consequent exfoliation of
permatids within the seminiferous tubules. This effect is sup-
orted by the presence of immature cells in the epididymis lumen
data not shown) and could therefore explain the decrease in
he percentage of spermatids observed by FCM. Alternatively,
on-specific germ cell degeneration and death can occur due
o anoxia caused by changes in interstitial vasculature. No sig-
ificant changes in mice testis/body weight or epididymis/body
eight ratios were observed following treatment with lead chlo-
ide, similarly to what was described by Wadi and Ahmad [15].
ead chloride did not induce striking changes in testis histol-
gy. This result was reflected in the absence of alterations in the
ercentages of testicular germ cells detected by FCM, with the
xception of an increase in the percentage of cells in S phase.
e hypothesize that this increase may be related with the mito-
enic activity of lead previously described in lymphocytes [24]
nd liver cells [25]. Pinon-Lataillade et al. [26] also did not
nd prominent alterations in the reproductive system of male
ats after exposure to lead oxide or lead acetate. These results
uggest that the blood–testis barrier protects the seminiferous
pithelium from the toxic effects of lead. The absence of dam-
ge to the blood-testis barrier by lead has also been pointed out
y other authors [15,27].
In this work we demonstrated that buffered formalin fixed
nd paraffin embedded material allows good DNA preservation
nd enables cell extraction and quantification by FCM analysis
n toxicological assays using mouse testicular tissue. The great
dvantage of this technique is that it allows long-term storage
f samples and the possibility of making several replicas, thus
ncreasing reliability. Paraffin embedded DNA analysis of tes-
icular cells by FCM should be considered as an useful approach
or the screening of substances in terms of testicular toxicity, as
ell as an important complement to histopathology.
cknowledgements
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